Tomato (Solanum lycopersicum L.) has undergone intensive selection during and following domestication. We investigated population structure and genetic differentiation within a collection of 70 tomato lines representing contemporary (processing and fresh-market) varieties, vintage varieties and landraces. The model-based Bayesian clustering software, STRUCTURE, was used to detect subpopulations. Six independent analyses were conducted using all marker data (173 markers) and five subsets of markers based on marker type (single-nucleotide polymorphisms, simple sequence repeats and insertion/deletions) and location (exon and intron sequences) within genes. All of these analyses consistently separated four groups predefined by market niche and age into distinct subpopulations. Furthermore, we detected at least two subpopulations within the processing varieties. These subpopulations correspond to historical patterns of breeding conducted for specific production environments. We found no subpopulation within fresh-market varieties, vintage varieties and landraces when using all marker data. High levels of admixture were shown in several varieties representing a transition in the demarcation between processing and fresh-market breeding. The genetic clustering detected by using the STRUCTURE software was confirmed by two statistics, pairwise F st (y) and Nei's standard genetic distance. We also identified a total of 19 loci under positive selection between processing, freshmarket and vintage germplasm by using an F st -outlier method based on the deviation from the expected distribution of F st and heterozygosity. The markers and genome locations we identified are consistent with known patterns of selection and linkage to traits that differentiate the market classes. These results demonstrate how human selection through breeding has shaped genetic variation within cultivated tomato.
Introduction
Crop species were first domesticated from wild species about 10 000 years ago (Tanksley and McCouch, 1997) . Domestication has led to dramatic changes in agronomic traits of interest such as non-shattering seeds, loss of germination inhibition, compact growth habit and increased size of fruit (Tanksley and McCouch, 1997; Doebley et al., 2006) . During this process, however, a progressive genetic bottleneck reduced genetic diversity in cultivated plants relative to their wild ancestors (Tanksley and McCouch, 1997) . After domestication, plant breeding has proceeded with the competing goals of selecting for favorable alleles and introducing new variation. As the genetic base of breeding populations narrows through selection and fixation of specific alleles, heritability declines and limits breeding progress. Thus, plant breeding also addresses the importance of maintaining a diverse genetic base and has developed methodologies to introduce new variation into cultivated plants.
Tomato (Solanum lycopersicum L.) has undergone intensive selection through domestication and breeding and cultivated varieties have a narrow genetic base relative to other crops (Miller and Tanksley, 1990; Williams and St. Clair, 1993; Park et al., 2004) . For traits like fruit size and shape, however, cultivated forms show far greater phenotypic variation than their wild progenitors. Since 1930, introgression of genes for biotic stress resistance from wild species has been practised and has broadened the genetic diversity in modern varieties relative to landraces and vintage varieties (Williams and St. Clair, 1993; Park et al., 2004; Sim et al., 2009) . In addition to the reintroduction of genetic variation, tomato breeding for fresh-market and processing varieties diverged with a strong emphasis on distinct ideotypes reinforced by the initiation of mechanical harvest. Efforts to develop tomatoes specifically for mechanical harvest were initiated in 1943, but did not produce acceptable varieties until the mid 1960s (Rasmussen, 1968) . This market specialization has led to genetic differentiation in contemporary tomato varieties (Sim et al., 2009 ).
Understanding how genetic variation is distributed within and among populations is important to germplasm management, crop breeding and association mapping. Population structure can be inferred using pedigree information of varieties. This approach has a limitation where pedigree information is missing for certain varieties and because assumptions must be made about the relationship of progenitors in the pedigree. The use of DNA-based markers offers another approach for population level genetic analysis. When coupled to advances in software and computational power, marker analysis can offer insight into the forces that shape populations (Excoffier and Heckel, 2006) .
Model-based clustering has been developed to detect underlying population structure in a collection of individuals genotyped with multiple markers. An advantage of the analysis implemented with the software STRUCTURE (Pritchard et al., 2000) , relative to other methods of quantifying subdivision, is its ability to estimate the proportion of the genome of an individual that belongs to each inferred population (admixture). STRUCTURE's quantitative clustering method uses a Bayesian approach and has been utilized in numerous genetic diversity and association mapping studies in plant species including rice (Garris et al., 2005) , Arabidopsis (Schmid et al., 2006) , wheat (Breseghello and Sorrells, 2006) , sorghum (Casa et al., 2008) and tomato (Mazzucato et al., 2008; van Berloo et al., 2008) .
In this study, we investigated population structure and genetic differentiation within a collection of tomato germplasm representing contemporary (processing and fresh-market) varieties, vintage varieties and landraces using genome-wide single-nucleotide polymorphisms (SNPs), simple sequence repeats (SSRs) and insertion/ deletions (InDels) derived from exon and/or intron sequences. The variation in allele frequency between subpopulations was quantified by calculating the pairwise F st for each of 173 markers in order to identify genes that distinguish subpopulations. An F st -outlier method was used to identify which loci may be under positive selection and therefore might be linked to regions of the genome responsible for phenotypic variation present in cultivated tomato germplasm. We believe that this approach is scalable to whole-genome analysis, and will prove to be useful for allele mining and functional characterization. We demonstrate that human selection has resulted in distinct subpopulations as a result of specialization for market types and differences between breeding programs that may correlate with environmental adaptation.
Materials and methods

Plant material
The germplasm panel of cultivated tomato used in this study consisted of 28 contemporary processing varieties, 19 contemporary fresh-market varieties, 19 vintage varieties and 4 representatives of Latin American cultivars (landraces) (Supplementary Table S1 ). In describing these varieties we followed the definitions adopted by Williams and St. Clair (1993) , where vintage refers to varieties released before the 1960s. We prefer the description 'contemporary' to 'modern' so as to avoid confusion with the artistic and architectural movement dating to early in the 20th century. Processing and fresh-market germplasm represent contemporary varieties, and parents that were developed for specific market niches and adapted to specific environments. These varieties were selected from public breeding efforts that release commercially relevant parents and hybrids. Several processing lines were donated directly by seed companies. In addition, selected inbred lines were obtained through self-pollination and sequential single-seed descent of commercial hybrids. These selections represent a sample of alleles present in commercial hybrids, though they do not recreate the parents themselves. Two main regions are represented in the processing germplasm, material adapted to the arid conditions of California and material adapted to the humid conditions of the United States and Canada surrounding the Great Lakes. The vintage germplasm included cultivars that were developed before application of Mendelian principles and are sometimes referred to as heirlooms, and those that represent early tomato improvement efforts. The four landraces represent early domesticates from Costa Rica (LA1215), Panama (LA1216), Yucatan, Mexico (LA1462) and San Martin, Peru (LA2256) and were selected to represent geographical diversity near the center of domestication (Williams and St. Clair, 1993; Sim et al., 2009 ). Although we included a few landraces in the germplasm panel, the focus was on the contemporary and vintage varieties that reflect the history of tomato breeding and are widely used as breeding materials.
Genotyping
Genomic DNA was isolated from fresh, young leaves using the modified CTAB method described by Kabelka et al. (2002) . A total of 300 markers including 149 markers from transcribed (exon) sequences (Yang et al., 2004 (Yang et al., , 2005a and 151 markers from intron sequences (Van Deynze et al., 2007) were used to genotype the collection of cultivated tomato varieties. We used multiple genotyping platforms including agarose gel electrophoresis for SNP detection as cleaved amplified polymorphic sequences (CAPS) and the LUMINEX 200 (Luminex, Corp., Austin, TX, USA) for detection of SNPs using allele-specific primer extension (ASPE) (Lee et al., 2004) . The LICOR IR2 system (LICOR, Lincoln, NE, USA) was used for fragment analysis of SSR and InDel markers. PCR reactions were conducted in a total volume of 10 ml containing 10 mM Tris-HCl (pH 9.0 at room temperature), 50 mM KCl, 1.5 mM MgCl 2 , 50 mM of each dNTP, 0.1 mM of each forward and reverse primers, 20 ng of DNA template and 1 unit of Taq DNA polymerase. To visualize the amplicons on the LICOR system, PCR reactions were conducted using a set of three primers including an additional IRD 700 or 800 dye-labeled M-13 forward primer (LICOR), an M-13-tailed forward primer and a reverse primer. Amplification was performed in a thermal cycler (MJ Research, Inc., Watertown, MA, USA) programmed for 3 min at 94 1C followed by 40 cycles of 45 s at 94 1C, 45 s at a suitable annealing temperature between 45 and 60 1C, and 1 min 45 s at 72 1C, followed by an extended incubation for 6 min at 72 1C. Amplicons of SSR markers were mixed with formamide loading buffer (95% formamide, 20 mM EDTA pH 8.0 and 0.08% bromophenol blue) and were separated on 6-7% denaturing acrylamide gels. Detection of InDel markers was performed using the LICOR system and 2-4% agarose gels. For SNP markers that were easily and costeffectively scored as CAPS, amplification was performed in 20 ml reactions, amplicons were digested with restriction enzymes and separated on 2-4% agarose gels.
The SNP markers that could not be screened as CAPS were scored in an ASPE assay. We multiplexed 10-15 markers per ASPE assay and detected SNPs with the Luminex 200 (Luminex, Corp.). In detail, the target regions containing SNPs were first amplified using a pair of flanking forward and reverse primers. For multiplexing, 5 ml of each amplicon were pooled and precipitated by adding two volumes of PR solution (90% ethanol, 0.2 M sodium acetate pH 7.0), thoroughly mixing, centrifuging at 2500 g for 30 min and discarding the supernatant. The precipitate was washed with 70% ethanol, centrifuged at 2500 g for 10 min, and allowed to air dry after the supernatant was removed. The purified PCR products were then rehydrated in 8 ml ddH 2 O and 4 ml were used as a template in 10 ml ASPE reactions including 1.25 mM MgCl 2 , 5 mM each of dATP, dGTP and dTTP, 5 mM biotin-14-dCTP (Invitrogen Corporation, Carlsbad, CA, USA), 25 nm of each ASPE primer and 1 unit of Platinum GenoType Tsp DNA Polymerase (Invitrogen Corporation) in 1X supplied buffer. The ASPE primers were designed for each marker using Primo SNP 3.4 (Chang Bioscience; www.changbioscience. com/primo/primosnp.html) or BatchPrimer3 (You et al., 2008) . Cycling conditions for the ASPE reactions were 2 min at 96 1C followed by 30 cycles of 30 s at 94 1C, 1 min at 55 1C, and 2 min at 74 1C.
Data analysis
The collection of 70 tomato lines was genotyped using 300 markers including SNPs, SSRs and InDels derived from both exon and intron sequences. We subsequently excluded 127 markers because they showed no polymorphism in the selected germplasm. The 173 polymorphic markers were grouped based on type (SNPs, SSRs and InDels) and location of polymorphism (exon and intron sequences) for genetic structure analyses in the tomato germplasm (Supplementary Table S2 ). We therefore analyzed six data sets, based on marker type and location, and including combined analysis. Population structure was first inferred using the modelbased clustering program STRUCTURE v2.2 (Pritchard et al., 2000 ; http://pritch.bsd.uchicago.edu/structure.html). The STRUCTURE model we used in this study allows for admixture and correlated allele frequencies. To find the best K (number of clusters) for each data set, we first tested a continuous series of Ks (1-10) in five independent runs for each K with a burn-in of 10 000 iterations and a run length of 100 000 iterations. The five log likelihood values for each K were then plotted to find the Ks around a plateau of the likelihood values. The Ks selected as candidates were further tested in 20 independent runs for each K with a burn-in of 500 000 iterations and a run length of 750 000. To determine the best K, the log likelihood values from these 20 runs were subjected to analysis using nonparametric Wilcoxon (Rosenberg et al., 2001) and Kruskal-Wallis tests as implemented in SAS (SAS software, Cary, NC, USA). We also identified the best K using the delta K method (Evanno et al., 2005) .
In order to validate the STRUCTURE clustering, we estimated pairwise y (Weir and Cockerham, 1984) , hereafter referred to as F st , and Nei's standard genetic distance (Nei, 1978) using the Microsatellite analyzer v4.05 (Dieringer and Schlotterer, 2003) . The P-value for the pairwise F st was calculated based on 10 000 permutations and a Bonferroni correction was applied. Allelic richness of polymorphic markers was calculated as a sample size adjusted measure of diversity (Hurlbert 1971) as implemented in the Microsatellite analyzer program.
We identified loci under positive selection between processing, fresh-market and vintage varieties using an F st -outlier detection method as implemented in the LOSITAN workbench (Beaumont and Nichols, 1996; Antao et al., 2008) . The outlier detection method uses the available data to derive a distribution of F st and expected heterozygosity. Five simulations for each of three pairwise comparisons were run for 10 000 iterations, a 95% confidence interval and options for neutral and forced mean F st For the mutation model option, we used an infinite allele model. Loci that deviate from the expected distribution of neutral markers are identified on the basis of excessively high or low F st . Outliers suggest directional selection when F st is higher than expected or balancing selection when F st is lower than expected.
Results
Genotyping with SNPs, SSRs and InDels derived from exon and intron sequences Of the 300 markers screened, we detected at least two alleles from 173 markers (86 SNPs, 52 SSRs and 35 InDels) within the 70 tomato lines tested (Supplementary Table S2 ). The polymorphic SNPs were derived from both exon sequences (36 SNPs) and intron sequences (50 SNPs), whereas the polymorphic SSRs were from exon sequences only and the InDels were from intron sequences only. Allelic richness did not vary greatly between germplasm groups or marker types, though there was a slight trend toward a greater number of alleles for SSR markers, markers from exon sequences and for landrace varieties (Table 1) .
Model-based Bayesian clustering analysis
Six data sets were independently used for the modelbased clustering method as implemented in STRUC-TURE. These data sets included all 173 markers, 89 exonsequence markers, 84 intron-sequence markers, 87 SNP markers, 52 SSR markers and 34 InDel markers, respectively. The best K (number of clusters) was tested using non-parametric analysis (Rosenberg et al., 2001) and the delta K method (Evanno et al., 2005) . With all six data sets, the best K ranged from five to six, differentiating the four predefined groups based on market niche and age of variety (Figure 1 and Supplementary Tables S1). The two statistical methods suggested the best K was six for data sets consisting of all markers and intron markers. Both methods suggested the best K was five for the data set consisting of exon markers. For the data set consisting of SSR markers, non-parametric analysis determined K ¼ 5, whereas the delta K method suggested K ¼ 6. The delta K method failed to identify a best K for the SNP and InDel data sets, whereas the non-parametric analysis suggested that K ¼ 6.
The processing varieties were divided into at least two and upto four clusters. The first cluster (pink color, Figure 1 ) included all of the varieties with pedigrees tracing to California including M82, which is a selection from the inbred line UC82 (Lawson et al., 1997) . This group also contained upto six of the varieties with pedigrees tracing to the Ohio breeding program. The second cluster (red color, Figure 1 ) consisted of the other varieties from Ohio and those from Canada. The geographic regions are distinguished by arid and humid growing conditions for California and the Great Lakes (Ohio, United States and Ontario, Canada), respectively. The intron sequence markers further divided the first cluster by separating varieties from humid environments (purple color, Figure 1 ) from the varieties derived from arid environments ( Figure 1C ). Three of four Canadian varieties from Ontario (orange color, Figure 1 ) were separated from these clusters when K ¼ 6, the best K for Genetic structure in tomato S-C Sim et al the three data sets consisting of all 173 markers (Figure 1a ), 84 intron sequence markers ( Figure 1c ) and 87 SNP markers (Figure 1d ). In addition to four clusters, several processing varieties showed relatively high levels of admixture. For example, the varieties developed by Campbell's seed for processing into soups and juices, 'Campbell 28' (C28; LA 3317) and 'Campbell 1327' (C1327; PI 341132) both showed high levels of admixture. C28 is the older of the two varieties and shares the freshmarket ideotype with respect to fruit morphology and vine size. This variety represents the period when the processing crop was hand harvested and there were few phenotypic differences between fresh-market and processing varieties. C1327, released in the 1960s, represents a transitional variety to mechanical harvest types as fruit shape, core size and vine type were modified through selection to fit changing production methods. In contrast to the processing varieties, a single cluster was detected at K ¼ 5 and K ¼ 6 within the fresh-market varieties regardless of type and location of marker polymorphism (Figure 1 ). High levels of admixture, however, were detected from several fresh-market varieties including 'Rio Grande' and 'NC99471-3'. Both of these varieties are 'Roma' style tomatoes representing a fresh-market niche consisting of fruit with the slightly elongated shape characteristic of processing tomatoes. As such, these likely share genetic background with processing varieties. For the vintage varieties, the analyses with three data sets (all 173 markers, the intron markers and the SNP markers) detected a single cluster and low levels of admixture (Figures 1a, c, and d) . The other data sets (the exon markers, the SSR markers and InDel markers) detected two clusters and high levels of admixture (Figures 1b, e, and f) . Four landraces were grouped together and separately from processing and fresh-market varieties (Figure 1 ).
Pairwise F st (y) and Nei's standard genetic distance (D) analysis We tested the hypothesis that the groups defined by STRUCTURE represent statistically supported subpopulations using pairwise F st and D (Table 2 ). The parameter F st has been used as a standard measure of differentiation, though this use is not without controversy (Hedrick, 2005; Jost, 2008 (Table 2) . Similarly, the fresh-market varieties represented a distinct subpopulation relative to vintage varieties (F st ¼ 0.23, Po0.001) and landraces (F st ¼ 0.31, Po0.001) varieties. The vintage varieties were also genetically differentiated from the landraces (F st ¼ 0.20, Po0.001). This genetic differentiation between the four defined groups was supported by analyses using all subsets of the marker data with the exception of the InDel markers, which indicated no significant genetic differentiation of the landraces from the processing and vintage varieties. This result is most likely because of small sample size of the landrace collection.
The analysis with STRUCTURE further suggested at least two and as many as four clusters of processing varieties. Genetic differentiation between the first cluster, which consisted of varieties from California and the second cluster, which consisted of varieties from Ohio was well supported (F st ¼ 0.59, Po0.005; D ¼ 0.22). However, the third and fourth clusters consisting of varieties from Ohio and Canada, respectively, were not supported (Table 2) . Two clusters of vintage varieties were detected using SSR and InDel markers when K ¼ 6. Genetic differentiation of these clusters was not supported (Table 2 ). The analysis with STRUCTURE detected subpopulations that were consistent with predefined groups based on market niche and variety age. Further subdivision of the processing varieties into two clusters is supported by pairwise F st and D.
Candidate loci under positive selection
We conducted further analysis to identify candidates for loci that are under positive selection between three germplasm groups based on market class or variety age including processing, fresh-market and vintage varieties. 
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These loci represent candidates for further functional analysis in order to identify the loci underlying phenotypic differences between varieties. All processing varieties were used as a group for this analysis because of small sample size of each subpopulation. We also excluded the landrace group that consisted of four accessions. The pairwise F st on a single locus basis was first calculated for all 173 markers using the Microsatellite analyzer (Dieringer and Schlotterer, 2003) . We observed considerable variation for F st among the 173 loci between the groups (Figure 2) . A high portion of loci ranging 32-43% was identified with F st ¼ 0, suggesting allele fixation or equal allele frequencies between the groups. We also found a number of loci with fairly high levels of F st (X0.3): 32 loci (19%) between processing and fresh-market, 36 loci (21%) between processing and vintage and 27 loci (16%) between fresh-market and vintage. Analysis of F st on a locus-by-locus basis provides no statistical cutoff for identifying loci that may be under positive selection. Therefore, we used an outlier detection method as implemented in the LOSITAN program (Beaumont and Nichols, 1996; Antao et al., 2008) . We identified 8 loci between processing and fresh-market, 15 loci between processing and vintage and 5 loci between fresh-market and vintage (Table 3) . A total of 19 unique loci were detected as falling outside of the 95% confidence interval. Nine loci overlapped between three pairwise comparisons. The F st values of these 19 loci ranged from 0.27 to 0.97 (Table 3) . A high portion of these loci (47%) were derived from chromosomes 2 and 5. Among the 19 loci, the self-pruning gene, which controls determinate growth habit in tomato (Pnueli et al., 1998) was also identified as under selection between contemporary varieties (both fresh-market and processing) and vintage varieties. We inferred putative functions of the other loci based on the corresponding Sol Genomics Network unigene annotation (Table 3) .
Discussion
We investigated population structure and genetic differentiation within cultivated tomato germplasm. The model-based clustering method implemented in the STRUCTURE program revealed that four predefined groups of tomato (processing varieties, fresh-market varieties, vintage varieties and landraces) represented distinct subpopulations regardless of marker type (SNPs, SSRs and InDels) and location of the SNP within a gene (exon and intron sequences). This finding was supported by bootstrap analysis of estimates of pairwise F st (y) at Po0.05 with a Bonferroni correction. These results are consistent with previous studies demonstrating separation between vintage and processing varieties (Williams and St. Clair, 1993; Park et al., 2004) , and genetic differentiation among market niches of cultivated tomato (Sim et al., 2009) .
We detected at least two subpopulations within the processing varieties. Subpopulations associated with distinct fruit morphologies were observed within commercial European greenhouse cultivars (van Berloo et al., 2008) and within Italian tomato landraces (Mazzucato et al., 2008) . The processing varieties we examined show little variation for fruit morphology. Rather, the population structure appears to reflect breeding history and possibly selection for different environments. Historically, the breeding of tomatoes for processing in North America has been conducted in California, the Midwest of the United States, the East Coast of the United States and Ontario, Canada. These programs drew from different founder parents and selection was conducted under arid conditions in California and humid conditions in other locations. A review of the Ohio breeding program pedigree records verifies that gene exchange occurred commonly between programs selecting under humid conditions, and more rarely between programs selecting for arid environments (for example, Berry et al., 1992 Berry et al., , 1993 . Thus, the subpopulation structure observed within the processing varieties reflects both selection for environment and breeding history. In contrast, we observed no subpopulation structure within the freshmarket germplasm representing varieties developed from two major breeding programs in the United States (University of Florida and North Carolina State University). Both of these programs select under humid conditions. 
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We detected little evidence for subpopulation structure within the vintage varieties when using all marker data as well as two subsets of markers (the intron sequence markers and the SNP markers). An inconsistent pattern of clustering was observed when using the exon sequence markers, the SSR markers or the InDel markers alone. The instances of inconsistent clustering that we occasionally observed are most likely due to the population and marker sampling, which is referred to as ascertainment bias (Chikhi, 2008; Romero et al., 2009) . Our failure to detect subpopulations within vintage varieties contrasts with past studies that detected differentiation within landraces and vintage varieties (Park et al., 2004; Mazzucato et al., 2008) . These differences likely reflect the germplasm and markers sampled as subpopulations are determined with respect to genotypes within the collection chosen for analysis (Chikhi, 2008; Romero et al., 2009) .
We also compared markers based from intron sequences with those from transcribed sequences for population structure analysis. Significant differences in the ability of markers to discriminate and assign individuals to subpopulations were not observed because of marker position when analyzing the predetermined groups. Differences in the number of subpopulations within processing germplasm were detected between intron and exon markers, but the additional groups identified with intron markers were not supported on the basis of statistical analysis of F st . In the comparison of vintage varieties, markers in exons detected two subpopulations, whereas intron markers detected only one. Again, the additional subpopulation was not supported by F st . Thus, position of the polymorphism within a gene does not appear to affect the performance of a marker for population level analysis.
There exists some precedence to suggest that the type of marker may affect performance in population level analysis because of allelic richness (Liu et al., 2005) . Although we observed slightly more allelic diversity with SSRs relative to SNPs, the ability to distinguish subpopulations was comparable between marker types. SSRs appeared to detect more subpopulations than SNPs within the vintage varieties, but these added subpopulations were not supported by subsequent F st analysis. Thus, as with position within a gene, marker type does not appear to have an affect on the conclusions of population level analysis for cultivated tomato.
The genetic structure we observed in this study suggests that selection for market specialization within cultivated tomato has left a genetic signature. Identifying which loci are responsible for this signature will identify the regions of the genome that have experienced selection during domestication and breeding. Previous efforts to identify regions of plant genomes under selection have focused on detecting bias in the ratio of synonymous to nonsynonymous mutations (Ingvarsson, 2010) , identifying reduced polymorphism as evidence for strong directional selection or 'selective sweeps' (Wang et al., 1999; Clark et al., 2004) , and the identification of elevated polymorphism with respect to divergence as evidence for balancing selection (Zhao et al., 2008) . Low levels of polymorphism within tomato and the inbred mating system make these approaches problematic. A method based on the statistic F st has been used to quantify variation in SNP-allele frequencies between human populations as a means of detecting signatures of natural selection (Lewontin and Krakauer, 1973; Rana et al., 1999; Hollox et al., 2001 ; Akey Table 3 Candidate loci under positive selection between three predefined groups of tomato germplasm Genetic structure in tomato Hamblin et al., 2002) . This F st approach has been applied to the inbred crop, common bean, where AFLP polymorphisms that deviated from the neutral expectation were detected. In bean, as many as 16% of the markers showed departure from expectation, and these tended to map to regions of the genome with known genes and quantitative trait loci related to domestication (Papa et al., 2007) . Applying F st analysis to comparisons of germplasm groups that have been shaped by human selection has the potential to identify both regions of the genome that are fixed because of selection and regions of the genome that remain polymorphic and explain existing phenotypic variation. The LOSITAN workbench provided an effective approach to establish objective criteria for F st values that indicate selection between germplasm groups including processing, fresh-market and vintage varieties. We identified 19 candidate loci under positive selection based on F st values that fall outside of the 95% confidence interval established for the distribution (Antao et al., 2008) . These loci may be directly under selection, but more likely mark regions of the genome that have been selected during breeding. Linkage disequilibrium decays over 3-16 cM within cultivated tomato (Robbins et al., 2010) , and it is likely that many polymorphic markers will remain associated with the actual genes that are under selection when comparisons are made between groups of cultivated varieties. The loci we identified have a disproportional bias with 47% mapping to chromosomes 2 and 5. This observation suggests that there are 'hot spots' for directional selection through breeding in tomato. Genes on chromosome 2 that were segregating in our collection include the fruit shape gene, ovate (Liu et al., 2002) and loci affecting locule number (Barrero and Tanksley 2004) . Chromosome 5 contains multiple bacterial disease-resistance genes including Pto (Martin et al., 1993) and Rx3 (Yang et al., 2005b) , and genes that affect plant morphology, which were previously shown to distinguish processing from fresh-market tomatoes (Jones et al., 2007) . In addition, the self-pruning gene on chromosome 6 appears to be under selection when comparing contemporary with vintage varieties. The markers and genome locations we identified as outliers are consistent with known patterns of selection and linkage to traits that differentiate the market classes. These results suggest that the use of objective approaches to identify polymorphisms with extreme values of F st will reveal portions of the genome that are under selection. Such objective assessment will provide a scalable means for comprehensive assessments of genetic variation within cultivated tomato as emerging sequence data and improved genotyping platforms lead to larger data sets.
Tomato is an excellent model to investigate the effect of breeding for shaping genetic variation in cultivated varieties. In this study, we defined genetic structure within a collection of cultivated tomato using the Bayesian model-based clustering method implemented in the STRUCTURE program. Major clusters were confirmed on the basis of F st and Nei's standard genetic distance. The genetic differentiation we observed demonstrates that breeding for specialized markets has resulted in genetically distinct subpopulations within cultivated tomato. This differentiation has occurred recently in history. Population structure detected within the processing germplasm suggests that breeding efforts for varieties adapted to different target environments has also led to further genetic differentiation. We cannot yet distinguish the effects of different founder parents from ecological adaptation without designing experiments to test the effects of specific genome regions for adaptation to humid or arid conditions. Our results can be used to accelerate tomato improvement by addressing the patterns of genetic variation within cultivated tomato and helping breeders maximize variation within market classes in order to improve genetic gain.
